RNA editing at adenosine 1012 (amber/W site) in the antigenomic RNA of hepatitis delta virus (HDV) allows two essential forms of the viral protein, hepatitis delta antigen (HDAg), to be synthesized from a single open reading frame. Editing at the amber/W site is thought to be catalyzed by one of the cellular enzymes known as adenosine deaminases that act on RNA (ADARs). In vitro, the enzymes ADAR1 and ADAR2 deaminate adenosines within many different sequences of base-paired RNA. Since promiscuous deamination could compromise the viability of HDV, we wondered if additional deamination events occurred within the highly base paired HDV RNA. By sequencing cDNAs derived from HDV RNA from transfected Huh-7 cells, we determined that the RNA was not extensively modified at other adenosines. Approximately 0.16 to 0.32 adenosines were modified per antigenome during 6 to 13 days posttransfection. Interestingly, all observed non-amber/W adenosine modifications, which occurred mostly at positions that are highly conserved among naturally occurring HDV isolates, were found in RNAs that were also modified at the amber/W site. Such coordinate modification likely limits potential deleterious effects of promiscuous editing. Neither viral replication nor HDAg was required for the highly specific editing observed in cells. However, HDAg was found to suppress editing at the amber/W site when expressed at levels similar to those found during HDV replication. These data suggest HDAg may regulate amber/W site editing during virus replication.
Hepatitis delta virus (HDV) is a subviral human pathogen that increases the risk of severe liver disease in those infected with its helper, hepatitis B virus (34) . The HDV genome is an ϳ1,680-nucleotide (nt) circular RNA that replicates through a circular RNA intermediate, the antigenome (21) . Both the genome and antigenome possess extensive intramolecular complementarity and are predicted to form rod-shaped structures in which about 70% of the nucleotides are base paired (39) .
HDV produces two forms of the sole viral protein, hepatitis delta antigen (HDAg) (4) , and both are translated from a single mRNA that is transcribed from the genomic RNA (16, 18, 40) . The shorter form, HDAg-S, is required for RNA replication, while the longer form, HDAg-L, inhibits replication but is required for packaging the viral RNA with the envelope of hepatitis B surface antigen (19, 35, 42) . The virus uses adenosine-to-inosine RNA editing activity of the host cell to produce HDAg-S and HDAg-L from the same open reading frame (6, 25) . The editing does not occur on the mRNA directly but on adenosine 1012 of the antigenome (9, 32) . The nucleotide change is subsequently passed to the genome during replication and to the mRNA during transcription. The ultimate effect is the conversion of the UAG amber termination codon of HDAg-S to a UGG tryptophan codon required to synthesize the slightly longer HDAg-L; because of the codon change produced by this editing event, the editing site is called the amber/W site (32) .
We previously showed that double-stranded RNA (dsRNA) adenosine deaminase (ADAR1 [2] ), purified from Xenopus laevis, can edit the amber/W site of HDV RNA in vitro (32) . This enzyme converts adenosine to inosine in dsRNA (or RNA that is largely double stranded) by deamination (reviewed in reference 1). Editing at the HDV RNA amber/W site is affected identically by site-directed mutations in the base-paired structure around the amber/W site whether analyzed in cells or in vitro with purified Xenopus ADAR1 (32) . Thus, ADAR1, or a closely related enzyme such as ADAR2 (formerly called RED-1 [26] ), is thought to catalyze HDV RNA editing in vivo.
In vitro studies using synthetic substrates of ADAR1 (i.e., dsRNA) show that as many as 50% of the adenosines in a single RNA can be deaminated (1) . However, the enzyme does not deaminate adenosine targets entirely randomly but rather exhibits deamination specificity, which is described by using the terms "preferences" and "selectivity" (31) . ADAR1 shows preferences for certain adenosines, and the total number of deamination events in a single RNA molecule, or selectivity, varies for different substrates. The preference for editing at the HDV amber/W site and the selectivity that occurs on the HDV antigenome are likely to have important consequences for virus viability, particularly because sequence changes are passed to the genome. Excessive editing at the amber/W site would result in reduced levels of RNA replication and reduced production of viable virions because edited antigenomes encode HDAg-L, which inhibits RNA replication. Similarly, the amber/W adenosine would need to be a highly preferred deamination site compared to other adenosines, and the reaction would need to be very selective since promiscuous deamination could change the coding sequence in deleterious ways or alter nucleotide sequences required for other viral functions such as replication (3) or ribozyme activity (30) .
Here we investigate the specificity of HDV editing as it occurs in transfected cells expressing HDV RNAs. We found that editing was very specific for the amber/W site and that neither virus replication nor HDAg was required for the high specificity. However, importantly, we observed that HDAg was able to suppress the extent of editing that occurred at the amber/W site and thus could play a role in regulating the extent of editing during HDV replication.
MATERIALS AND METHODS
Plasmids. Construct pHDVx1.2-R, used for expression of replicating HDV RNA in transfected cells, was previously described as pCMV3-DC1x1.2 (9) . Plasmid pHDV⌬x1-NR, used for expression of nonreplicating antigenomic HDV RNA in transfected cells, was created by excising the 1,173-bp XbaI fragment containing a monomeric unit of HDV, less the deleted ApaI region, from pCMV3-DC-⌬Apax1.2 (9) . This fragment was inserted in the XbaI site of the expression vector pCMV-MCS3 (9) to generate pCMV-⌬Apax1 (A), in which the cytomegalovirus (CMV) promoter is oriented to produce antigenomic-sense HDV RNA in transfected cells. The polyadenylation signal sequence was changed from AATAAA to AATAG by PCR site-directed mutagenesis; the 181-bp SalI-XbaI fragment containing this mutation replaced the corresponding fragment of pCMV-⌬Apax1(A), which had been cut with SalI and partially digested with XbaI, to yield pHDV⌬x1-NR. The disruption of the polyadenylation signal sequence was found to increase amber/W editing about twofold (data not shown). The sequence of the cloned fragment in pHDV⌬x1-NR was obtained by cycle sequencing (Life Technologies, Grand Island, N.Y.) and verified both the presence of the desired site-directed mutation and the absence of additional mutations.
The HDAg-S expression plasmid pCMV-AgS was created as follows. The 785-bp HindIII-XbaI fragment from pGDC-1, which contains the HDAg coding sequences and the polyadenylation site, was inserted between the HindIII and XbaI sites of the expression vector pcDNAIneo (Invitrogen, San Diego, Calif.) to yield pcDNAneoAgS. From this plasmid, the 1,557-bp MluI-XbaI fragment containing the CMV promoter and HDV sequences was inserted between the MluI and XbaI sites of the vector pGEM-7Zf(ϩ) (Promega, Madison, Wis.) to yield pCMV-AgS.
The expression plasmid pCMV-AgS(fs) is the same as pCMV-AgS except that it contains a stop codon and frameshift at codon 7 in the HDAg coding region (5). It was created by exchanging the HindIII-PstI fragment of pHDV ⅐ I(ϩ) Ag(Ϫ) (5) for that of pCMV-AgS. The expression plasmid pCMV-AgS⌬StuSma contains an in-frame deletion of nt 1110 to 1334 within the HDAg coding region. It was created by StuI and SmaI digestion of pCMV-AgS, followed by ligation.
Transfections. Human Huh7 hepatoma cells were cultured and transfected by the calcium phosphate method as described previously (6) . Transfections were done in duplicate or triplicate, as indicated. Where appropriate, the total amount of DNA in the calcium phosphate precipitate was adjusted to 5.5 g by addition of the plasmid vector pCMV-MCS3. RNAs were prepared from cells harvested at indicated times as described previously (6, 9) except that proteinase K (1 mg/ml) was included in the lysis buffer for the transfection experiments shown in Fig. 3 to 5 .
Analysis of RNA editing. Editing assays were performed as described previously (9, 32) . Briefly, RNA samples were treated with DNase and then subjected to reverse transcription-PCR (RT-PCR) amplification. Primers were 5414 and 5415 (9) or 7646 (5Ј-GGAGGTTGGGCCCGAAC-3Ј) and 7647 (5Ј-TGTGAG TGGAAACCCGCCTA-3Ј), as indicated. PCR products were analyzed for amber/W editing by single-cycle labeling with [␣-32 P]dCTP followed by NcoI or StyI restriction digestion as described previously (9, 32) . Amber/W editing was indicated by the appearance of an NcoI or StyI restriction site in the amplification product. The effectiveness of the DNase treatment was verified by the absence of PCR products after amplification without prior reverse transcription. PCR products obtained without prior DNase treatment and without a prior reverse transcription reaction did not yield StyI digestion fragments related to editing. Editing was quantified by electrophoresis followed by radioanalytic imaging (Ambis Cloning and sequencing of PCR products. RNA was reverse transcribed with Superscript II (100 U; Life Technologies) or Moloney murine leukemia virus reverse transcriptase (100 U; Life Technologies) in 10-l reactions containing 1ϫ forward reaction buffer (supplied by the manufacturer), 2 nmol of random hexamer, 1 mM deoxynucleoside triphosphates, and 10 U of RNasin (Promega). Reaction mixtures were incubated at 37°C for 15 min and then 42°C for 15 min. cDNA products were then amplified with Pfu polymerase (Stratagene, La Jolla, Calif.). Forty microliters of a PCR master mix, containing 1.25 U of Pfu DNA polymerase (Stratagene), 1ϫ Pfu polymerase buffer (supplied by the manufacturer), and 25 pmol of primers, was added to the 10 l of reverse transcription reaction mixture. cDNA was amplified for 25 or 30 cycles of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C. Primers were 5414 and 5415 (9) . PCR products were cloned with a pCR-Script kit (Stratagene). Barrier pipette tips were used to set up all reactions, and standard precautions were taken to minimize potential contamination of samples prior to PCR analysis (20) . Control reactions lacking reverse transcriptase or RNA were performed to ensure that the reactions were not contaminated.
For each experiment, multiple clones were obtained from independent amplification reactions from different RNA samples. Both strands of cloned PCR products were sequenced by the dye-terminator sequencing system on Applied Biosystems 373A DNA sequencers at the University of Utah Health Sciences Sequencing Facility. Sequence changes were considered bona fide only if observed on both strands.
Northern blot analysis of HDV RNA. RNA was electrophoresed through 1.5% agarose gels containing 2.2 M formaldehyde, transferred to positively charge nylon membranes, and hybridized with a genomic-sense 32 P-labeled probe as described previously (10); the hybridization temperature was 60°C, and the washing temperature was 70°C. The integrity of the RNA samples and equivalent loading were assessed by visualization of RNA bands after staining gels with ethidium bromide. Relative levels of HDV antigenomic RNA were determined by radioanalytic scanning of blots with a Packard InstantImager.
Immunoblot analysis. Cell lysates were obtained by treatment with 2% sodium dodecyl sulfate (SDS)-0.2 M Tris-HCl (pH 7.5)-1 mM EDTA and analyzed for HDAg by SDS-polyacrylamide gel electrophoresis (PAGE) in 12% acrylamide gels and immunoblotting with human anti-HDAg as described previously (4) . Relative HDAg levels were assessed by radioanalytic scanning with a Packard InstantImager.
RESULTS
We previously showed that the amber/W site in HDV antigenomic RNA can be edited in vitro by purified Xenopus ADAR1 (32). Editing was highly specific for the amber/W site: under conditions that produced 16% Ϯ 1% editing at amber/ W, the total amount of adenosine conversion was 0.81% among all 340 adenosines in the RNA (32) . This value is much lower than the 50 to 60% deamination of adenosines typically observed in dsRNA substrates under similar reaction conditions. Nevertheless, 0.81% of 340 adenosines amounts to 2.7 A-to-I conversions per antigenome (32) ; this level of deamination could compromise the viability of the virus. We therefore investigated the specificity of editing in cells transfected with either replicating or nonreplicating HDV cDNA constructs.
Editing specificity in replicating HDV RNA in cells. To examine the specificity of HDV RNA editing occurring in cells, human Huh-7 hepatoma cells were transfected in triplicate with the construct pHDVx1.2-R, which produces replicating HDV RNA ( Fig. 1 and reference 6 ). Cells transfected with replication-competent HDV cDNA constructs produce replicating HDV RNA in which editing levels increase to a maximum of 20 to 35% by 12 to 15 days posttransfection (5, 6, 43) . RNA was harvested 13 days posttransfection and analyzed for editing at the amber/W site by StyI restriction (editing at the amber/W site of the HDV antigenomic RNA creates a StyI restriction site in the corresponding cDNA [6, 32] ) and by sequencing 84 cDNA clones from three separate amplification PCRs from different RNA samples. The sequenced region was a 358-nt segment corresponding to the C-terminal half of the HDAgcoding sequence (Fig. 1 , positions 907 to 1264, numbered according to the genomic strand [39] ) that includes the amber/W site (1012) and that has been used extensively in phylogenetic analyses of HDV isolates (7, 28, 37) . This region accounts for 21% of the entire antigenome and contains 77 adenosines.
Sequence analysis indicated that editing of replicating RNAs in cells was highly specific. In good agreement with the amount of editing (25%) determined by restriction digestion assays on the RNA, 24 of 84 clones (29%) contained G at the amber/W site. However, of the 6,384 non-amber/W adenosines sequenced, only three A3G transitions (0.05%) were observed (Table 1, replicating; Fig. 2A ). Amber/W editing accounted for at least 89% of all A3G changes on the replicating RNA in the 358-nt region analyzed (Table 1) . Extrapolation of the average number of non-amber/W A3G changes over the entire antigenome indicated that, on average, only 0.16 such modifications occurred per molecule (Table 1) . Thus, editing of replicating HDV RNA in cells exhibits considerably more specificity than that observed upon incubation of HDV RNA with purified Xenopus ADAR1 in vitro (between 1.6 and 2.7 non-amber/W changes per antigenome [32, 33] ).
Clones from replicating HDV RNA also exhibited nine additional changes other than A3G, but no insertions or deletions. Because the frequency of these non-A3G changes (0.03%) was not much greater than the misincorporation rate of Pfu polymerase, it is not certain whether these occurred in the cells during HDV replication or during the PCR amplification, particularly as none of these changes appeared in more than one clone. However, it is worth noting that among these nine additional modifications were four U3C transitions (in the antigenomic sequence) that could result from adenosine deaminations that occurred on the genomic RNA, because cells transfected with the replicating construct pHDVx1.2-R contained both genomic and antigenomic HDV RNA.
Highly specific editing observed in cells does not require HDAg or viral replication. We considered the possibility that HDV itself was responsible for the high specificity of editing observed in cells. For example, it seemed possible that spurious modification was prevented in cells by the viral protein, HDAg, or that some aspect of the replication process could select against non-amber/W modifications. To determine whether HDV RNA replication or the presence of the viral protein was required for the highly specific amber/W editing observed in replicating RNAs in cells, Huh-7 cells were transfected in triplicate with the nonreplicating HDV antigenomic RNA expression construct pHDV⌬x1-NR. This construct lacks a large portion of the genome that is essential for replication and HDAg expression ( Fig. 1) (22) ; thus, transfected cells expressed only nonreplicating antigenomic HDV RNA (data not shown), and no HDAg was detectable (see Fig. 4B , lane 6).
HDV RNA was harvested from Huh-7 cells 6 days after transfection with the nonreplicating HDV RNA expression construct pHDV⌬x1-NR. RNAs were harvested earlier than in the comparable experiment with replicating RNAs because we sought to compare editing specificity in replicating and nonreplicating RNAs under conditions in which the amber/W site was edited to similar extents, and previous experiments had indicated that editing occurs more rapidly in the nonreplicating RNA expressed from pHDV⌬x1-NR (5). Sequence analysis indicated that 35 of 97 cDNA clones (36%) were from RNAs that had been edited at the amber/W site. This value agreed with the amount of editing (35%) determined by the restriction enzyme digestion assay and was only slightly higher than the amount of editing observed 13 days posttransfection in cells transfected with the replicating HDV RNA expression construct pHDV⌬x1.2-R. In the entire population of 97 clones, only seven A3G changes were detected at sites other than amber/W, nearly as few as in the replicating RNA ( Fig. 2B ; Table 1 , nonreplicating). Editing at the amber/W site accounted for 83% of all A3G transitions. Extrapolating the average number of A3G changes observed outside of the amber/W site over the entire antigenome showed an average of 0.32 such modifications per molecule (Table 1) . Thus, in cells, the specificity of editing was very similar for the nonreplicating and replicating HDV RNAs. This result suggests that neither HDV RNA replication nor the presence of HDAg nor selective pressure against genomes deaminated at adenosines essential for RNA replication was responsible for the high specificity of editing that occurred on replicating RNA in cells.
Possibly, some of the non-amber/W A3G transitions observed in cDNAs derived from HDV RNA in cells were due to processes other than deamination reactions; for example, some changes could have been due to transcription errors that oc- VOL. 18, 1998 SPECIFICITY OF HDV RNA EDITING FOR AMBER/W SITEcurred during viral replication or to misincorporation errors that occurred during PCR amplification. However, the number of non-amber/W A3G changes in both transfection experiments combined (10) is greater than the number of non A3G changes (6, not including the 4 U3C transitions), which encompass 10 different nucleotide substitutions and were likely due to such misincorporation errors (Table 1) . Moreover, many of the sites modified in the transfected cells were found to be modified under more than one set of experimental conditions. For example, position 973 was modified in a single clone from both replicating and nonreplicating RNAs in cells (Fig. 2) ; this site was also a preferred site for deamination in vitro by ADAR1 purified from Xenopus (32, 33) . In addition, the nonreplicating RNA yielded one modification each at positions 1131 and 1175 (Fig. 2) , both of which were preferred sites for modification in vitro (32, 33) . Three of the seven A3G transitions found in the 97 clones derived from nonreplicating RNA transcribed in cells occurred at position 1005 (Fig. 2) ; although this site was not modified in other clones analyzed in this study, it was modified in cDNAs derived from RNA of woodchucks infected with HDV (27) . Although the total number of non-amber/W transitions introduced per molecule is relatively low in transfected cells, comparison of these changes with naturally occurring sequence variations suggests that many of these changes could be deleterious. Of the seven non-amber/W transitions observed in RNAs from transfected cells, four produced nonconservative amino acid changes at positions that are more than 95% conserved among naturally occurring HDV isolates (positions 973, 1034, 1175, and 1177 [28, 37] ), one produced a silent codon change in a fully conserved nucleotide position (position 1134 [28, 37] ), and one introduced a naturally occurring variation (position 1228 [28, 37] ). Thus, it seems likely that some of these changes would have negative effects on the ability of the virus to produce viable progeny. Remarkably, however, all cDNA clones modified at non-amber/W adenosines were also modified at amber/W ( Table 2 ). This association was statistically significant for both the replicating RNA (P ϭ 0.02) and the nonreplicating RNA (P ϭ 0.005). Because genomes modified at amber/W are not viable (they encode HDAg-L, which inhibits replication), coordinate modification of non-amber/W adenosines with amber/W may limit the potentially deleterious effects of spurious editing on virus viability.
HDAg inhibits amber/W editing. Comparison of amber/W editing in replicating and nonreplicating RNAs suggested that editing occurred more efficiently in the absence of replication (Table 1 ). Not only was the level of editing slightly higher for the nonreplicating RNA, but the higher level was attained in less than half the time (6 days versus 13 days; see the legend to NR (see Fig. 4B, lanes 6 and 7) , it seemed possible that the lower amounts of editing in the replicating cells was due to the presence of HDAg. This was a particularly attractive hypothesis since HDAg has been shown to bind HDV RNA (11, 12) . To determine whether HDAg could suppress editing, Huh-7 cells were cotransfected with the nonreplicating RNA expression construct pHDV⌬x1-NR and the HDAg expression construct pCMV-AgS, which directs expression of HDAg-S. In separate transfections, we included either pCMV-AgS(fs), which produces no HDAg due to a frameshift-stop codon mutation introduced at codon 7 (8), or pCMV-AgS⌬StuSma, which produces HDAg from which 75 amino acids (aa), including the RNA binding domain (23, 24) , have been deleted. Immunoblot analysis of lysates from transfected cells indicated that the 75-aa deletion does not affect the level of HDAg expression (data not shown). Although HDAg-S can support replication of some HDV RNAs defective for HDAg synthesis, it does not support replication of the construct used here because RNA elements essential for replication have been deleted (22) . To avoid potential PCR amplification of unedited HDAg-encoding mRNA produced from the HDAg expression vector, the primers used were specific for the nonreplicating RNA derived from pHDV⌬x1-NR (Fig. 1) and did not amplify any detectable species from cells transfected with the HDAg expression vector alone (data not shown).
Coexpression of HDAg with nonreplicating HDV antigenomic RNA strongly suppressed editing at the amber/W site (Fig.  3) . Cotransfection of the expression plasmid for HDAg mRNA with a frameshift-stop codon mutation did not suppress editing (Fig. 3) . Thus, suppression required the expression of HDAg and was not due to the mRNA alone, which could conceivably interfere with the editing reaction by base pairing with the substrate. No suppression of editing was observed when the construct pCMV-AgS⌬StuSma was cotransfected (Fig. 3) , suggesting that the RNA binding domain of HDAg was required for suppression.
To determine whether the suppression of amber/W editing by HDAg might be biologically significant, Huh-7 cells were cotransfected with the nonreplicating RNA expression construct pHDV⌬x1-NR along with various amounts of the HDAg expression construct pCMV-AgS. For comparison, Huh-7 cells were also transfected with the replication-competent construct pHDVx1.2-R. The transfections were repeated three times and produced essentially identical results each time; the data shown in Fig. 4 & 5 are representative.
Analysis of amber/W editing 5 days posttransfection indicated that editing levels were about eightfold lower in replicating RNAs than in nonreplicating RNAs produced in the absence of HDAg (Fig. 4A, lanes 6 and 7) . However, coexpression of HDAg with nonreplicating HDV RNA strongly suppressed editing at amber/W, and the amount of suppression increased with higher levels of HDAg expression (Fig. 4) . At the highest level of HDAg expression, amber/W editing was 10-fold lower than that observed in the absence of HDAg. For an amount of HDAg expression similar to that in cells with replicating HDV RNA, the levels of editing were similar for the replicating and nonreplicating RNAs ( Fig. 4A and B ; compare lanes 1, 2, and 7), suggesting that the observed inhibition of editing by HDAg is biologically important.
HDAg has been shown to stabilize nonreplicating HDV RNA in transfected cells (23) . Indeed, for cells transfected with the nonreplicating construct pHDV⌬x1-NR, HDV RNA levels were about 15-fold higher in the presence of the highest amount of HDAg (Fig. 5) . Because ADAR1 activity is inhibited in vitro by high levels of substrate (15), we considered the possibility that the observed inhibition of editing by HDAg was an indirect effect of the stabilization of HDV RNA. To address the effect of RNA levels on editing, cells were also cotransfected, in duplicate, with 10-fold less of the nonreplicating HDV RNA expression plasmid pHDV⌬x1-NR than was used in the studies presented in Fig. 4 . Analysis of amber/W editing by RT-PCR and StyI digestion, and of RNA levels by blot hybridization, indicated that inhibition of editing by HDAg was not related to high RNA levels (Fig. 5) . Dramatically different levels of amber/W editing were observed in cells with very similar amounts of HDV RNA but different amounts of HDAg (Fig. 5, columns 1B and 6A) . Indeed, in the absence of HDAg, cells expressing lower levels of HDV RNA actually exhibited a slightly decreased level of amber/W editing (28% versus 41% [ Fig. 5, column 6] ).
DISCUSSION
We have investigated the specificity of HDV RNA editing by sequencing cDNAs derived from transfected cells harboring either replicating or nonreplicating HDV RNA. Consistent with previous studies performed in vitro with purified ADAR1 from Xenopus (32), we found that the biologically significant amber/W site was the preferred modification site. Editing at this site accounted for 89% of all A3G transitions observed in cDNA populations derived from HDV RNA replicating in cells. Editing was highly selective overall: very few A3G transitions occurred at non-amber/W adenosines, and the majority FIG. 3 . Effect of HDAg expression on editing at the amber/W site. Human Huh-7 hepatoma cells were transfected with the nonreplicating HDV RNA expression construct pHDV⌬x1-NR plus equivalent amounts of the following constructs: pCMV-MCS3, the expression vector alone; pCMV-AgS, which expresses HDAg-S; pCMV-AgS(fs), which expresses HDAg mRNA with a stop codon and frameshift at codon 7; and pCMV-AgS⌬StuSma, which expresses HDAg containing an internal deletion. All cells were harvested 5 days posttransfection and analyzed for editing at the amber/W site by the appearance of a StyI restriction site (9, 32) . The autoradiogram shows 32 P-labeled RT-PCR products, amplified with primers 7646 and 7647, uncut (Ϫ) or cut (ϩ) with StyI. PCR products contained an additional StyI site that was not affected by editing (Fig. 1) . The minimal number of A3G changes, or high selectivity, observed on single HDV cDNAs, both in vitro and in cells, is remarkable for several reasons. First, data from in vitro studies of ADAR1, using completely base paired, synthetic substrates, indicate that ϳ50% of the adenosines can be deaminated in a molecule with a length comparable to that of HDV RNA (29) . Of course, the HDV antigenome differs from the artificial substrates in that it is not completely base paired. As proposed to explain the high selectivity observed for editing of gluR-B mRNAs (17) , it seems likely that the numerous mismatches, bulges, and internal loops found in the HDV structure are in part responsible for the high selectivity. Indeed, editing of HDV antigenomic RNA with purified ADAR1 from Xenopus was also found to be highly selective (0.48% non-amber/W adenosines converted versus 16% of amber/W [32, 33] ). Thus, the selectivity may be due in large measure to interactions between the RNA and the deaminase.
The 358-nt region analyzed in this study is well conserved among HDV genotype I isolates (28, 37) . Of the seven adenosines (excluding amber/W) that were found modified among the 181 clones analyzed (Fig. 2) , five are more than 95% conserved among over 100 HDV genotype I isolates. The conservation suggests adenosines at these positions could be necessary for virus propagation and that their deamination could interfere with the viral life cycle. Alternatively, it is also possible that low-level modification at some sites serves an important function in the viral life cycle, similar to what occurs at the amber/W site. The lack of substantial correlation between positions observed to be modified in this study and those seen to vary among different isolates, or among those observed to change during high-dose passage in infected woodchucks (27) , could indicate that adenosine deamination is not a predominant mechanism for genetic drift of HDV. Given the high degree of sequence conservation of many of the deamination sites, it is significant that our data showed that modification of non-amber/W sites in vivo was linked to modification at amber/ W. All 10 adenosine conversions at other positions occurred in RNAs that were also modified at amber/W ( Table 2) . A similar, though weaker, linkage was observed for modification of sites neighboring the Q/R site in gluR6 pre-mRNAs (14) .
When put in the context of the viral life cycle, the high degree of specificity associated with HDV RNA editing, as well as the coordinate modification of non-amber/W adenosines on RNAs also modified at amber/W, makes biological sense. Sequence changes at non-amber/W adenosines will be passed to the genome during HDV replication. Promiscuous deamination of non-amber/W adenosines within the HDAg coding region could cause deleterious effects on protein expression and function, or deamination within noncoding sequences 32 P-labeled RT-PCR products, uncut (Ϫ) or cut (ϩ) with StyI. Lanes 1 to 6, PCR amplification with primers 7646 and 7647; lanes 7, primers 5414 and 5415. PCR products shown in lanes 1 to 6 contained an additional StyI site that was not affected by editing ( Fig. 1 and 3) . (B) SDS-PAGE-immunoblot analysis of HDAg expression (see Materials and Methods). The relative HDAg expression levels were determined by radioanalytic imaging with a Packard InstantImager. The numerical value indicated for lane 6 was obtained from a duplicate lane in the same gel that was not next to the strong signal in lane 7.
FIG. 5. Changes in editing associated with altered HDAg levels do not correlate with altered RNA levels. Cells were cotransfected with various amounts of the HDAg expression construct pCMV-AgS and either 5 g (columns A) or 0.5 g (columns B) of the nonreplicating HDV RNA expression construct pHDV⌬x1-NR. Numbers 1 to 6 refer to the same amounts of pCMV-AgS transfected as for Fig. 3 . For each cotransfection, levels of amber/W editing were determined (bar height). In addition, cellular levels of HDV RNA were determined by radioanalytic imaging with a Packard InstantImager of Northern blots hybridized with genomic-sense HDV RNA; the number above each bar indicates the amount of HDV antigenomic RNA relative to that in column 1A. Cell transfection, RNA harvesting, and editing analysis were as for Fig. 3. could alter RNA secondary structures essential for replication and/or packaging. Perhaps during the evolution of HDV there has been selective pressure toward sequences and structures that are not optimal for deamination. The linkage of nonamber/W modifications with amber/W site changes is significant because genomes edited at amber/W produce only the long form of HDAg, which inhibits RNA replication, and would not be able to subsequently infect other cells. Thus, the accumulation of additional modifications on genomes edited at amber/W would not further limit the viability of viral progeny.
One of the most interesting outcomes of our study is the observation that HDAg can alter the extent of editing at the amber/W site or, using the previously defined term (1, 31) , the preference for this site. Although there has been considerable speculation that ADAR1 activity is regulated by accessory factors in vivo and some evidence to support such a view (13, 36) , our result is the first example in which a specific factor has been identified. Clearly, editing at the amber/W site must be regulated in some manner since complete editing at this site would result in viral genomes that could no longer produce HDAg-S, which is absolutely required for replication (19) . The observed ability of HDAg to inhibit amber/W editing in a concentration-dependent manner suggests a role for HDAg in this regulation. Because HDAg can bind HDV RNA (11, 12) , and a 75-aa segment including the RNA binding domain was required for the inhibitory effect (Fig. 3) , it seems possible that the inhibition could occur by direct steric interference through binding at or near the amber/W site. Certainly our future experiments will address this and related issues.
